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“Young people, young people, have faith in those sure and powerful methods 
whose first secrets we are just beginning to understand. All of you, whatever 
your future career, do not allow yourselves to be touched by denigrating and 
sterile skepticism, and do not become discouraged by the sadness of certain 
hours that a nation has to experience. Live in the serene peace of laboratories 
and libraries. Ask yourselves first: ‘What have I done to acquire knowledge?’ And 
as you advance, ask: ‘what have I done for my country?’ And this you will do until 
the moment when you may experience the supreme happiness of thinking that 
you have in some way contributed to progress and the good of humanity. But to 
whatever degree life will have favored your efforts, when you approach the 
great goal, you must be able to say to yourself: “I have done my best.” 
Louis Pasteur 
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ABSTRACT 
This study intended to examine the importance of long distance seed dispersal in the 
integration of the distribution range of a Pantropical Plant with Sea-drifted Seeds; 
Ipomoea pes-caprae (Convolvulaceae), which exhibits extraordinary wide distribution 
range in the littoral areas of tropical and subtropical regions all over the world. 
Unusual long-distance seed dispersal would be responsible for keeping the 
distribution of this single species; however, the level of inter-population migration has 
never been studied. I investigated the nucleotide sequence variations using 11 low 
copy nuclear markers and 272 samples collected from 34 populations covering the 
entire distribution range of the species. Bayesian likelihood estimation using 
STRUCTURE program was performed to find if there is any genetic structure and 
population differentiation in the wide distribution range of this species. Maximum 
likelihood and Bayesian inference methods implemented in MIGRATE-N program 
were used to assess migration rates, direction of gene flow and genetic diversity 
among populations. Migration rates, effective population sizes, and the population-
divergence time were also calculated based on the IM model using the IMa2 program 
to distinguish between both gene flow and incomplete lineage sorting and to survey 
the demographic history among populations. Both MIGRATE-N and IMa2 analysis 
showed significant amount of gene flow among populations of Ipomoea pes-caprae 
subsp. brasiliensis in the Indo West Pacific region which is the sign of frequent long 
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distance seed dispersal of the species. In addition, the results of STRUCTURE analyses 
confirmed the partial genetic structure between Atlantic East Pacific (AEP) and Indo 
West Pacific (IWP) regions. This suggests that African continent and East Pacific ocean 
might play a role as geographical barriers to gene flow by sea-dispersal. However, 
asymmetric but frequent gene flow between Atlantic and Indian oceanic regions and 
also high amount of gene flow between East Pacific and West pacific regions were 
detected based on both IMa2 and MIGRATE-n analyses which suggested that the 
unity of the species in global scale is kept by long distance seed dispersal even over 
African continent barrier. The Isthmus of Panama has always served as an 
impenetrable barrier to migration and gene flow among tropical species since its 
closure.  My  MIGRATE result is one of a few clear examples that provide good 
evidence for long-distance seed dispersal by sea current even over American 
continent. However, low migration rates over the American continent, based on the 
IMa analysis, suggested that lineage sorting is a likely explanation for a lack of strong 
structure at the MIGRATE result over Panama Isthmus. In addition, populations of 
subspecies pes-caprae were highly differentiated from the subspecies brasiliensis 
which is probably because of the limitation of gene flow and/or adaptation of this 
subspecies to local habitats.  
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INTRODUCTION 
Long Distance Dispersal 
Dispersal is one of the central processes in the dynamics and evolution 
of plant populations. The extent to which plant populations are linked by 
dispersal will depend on the extent to which long-distance dispersal occurs 
(Cain et al. 2000). Long distance dispersal result in frequent gene flow among 
populations and therefore distribution of DNA haplotypes will be 
homogeneous in spatial scale. While the maximal detected dispersal distance 
may vary between species and experiments, the general rule is that long-
distance dispersal (LDD) is very rare (Ouborg et al. 1999). At the same time this 
rare long-distance dispersal events are biologically very important for plants 
and play a major role in determining large-scale processes such as population 
spread, gene flow among populations and thus influence the distribution of 
genetic variation among them, and it also might cause the genetic structure of 
populations and colonization of new sites (Cain et al. 2000; Tero et al. 2003; 
Nathan et al. 2008). Most plant species accomplish dispersal during two 
independent life cycle stages: pollen transit and seed dispersion. Seed dispersal 
is often found to be strongly spatially restricted, making gene flow in plant 
species primarily dependent on pollen dispersal (Ennos 1994; Bacles & Ennos 
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2008). However populations of many plant species are spatially isolated from 
each other, and for such species, seed dispersal represents the only way that 
populations can exchange individuals or to expand the distribution ranges 
(Cain et al. 2000). There are numerous ways that long-distance seed dispersal 
can occur (Darwin 1859; van der Pijl 1982; Daniel H. Janzen 1984; Sorensen 
1986; Sauer 1988; Chambers, J. C. 1994). These include vertebrate dispersal (by 
adhesion or ingestion), wind dispersal of seeds, wind dispersal of plants, and 
one of the most effective one is sea dispersal (Harwell & Orth 2002). Most sea-
drifted seeds are produced by tropical plants and they can be found on distant 
beaches after drifting thousands of miles through ocean currents (Armstrong 
2001). 
Pantropical plants with sea-drifted seeds species (PPSS) 
Species with sea-dispersal ability usually show wide range of distribution 
but yet the distribution range is more or less restricted and isolated by 
geographical barriers. Usually, the biggest barrier for land plants will be the 
ocean, so that most of the floristic compositions are generally quite different 
among continents which are divided by oceans. However, there are a few plant 
species that characterized by their extremely wide distribution ranges across 
littoral areas in tropics and subtropics worldwide. They are called “pantropical 
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plants with sea-drifted seeds” (Takayama et al. 2006, 2008; Vatanparast 2010), 
referred to as PPSS. PPSS are known from various families which can roughly 
divide into 2 categories. One is “genuine PPSS” in which a single species 
distributes around the globe.  Canavalia rosea (Sw.) DC. (Fabaceae) and 
Ipomoea pes-caprae (L.) R. Br. (Convolvulaceae) are in this category. The other 
one is “sub-PPSS”, in which small numbers of closely related species compose 
the global distribution. Hibiscus tiliaceus L., with H. pernambucensis Arruda 
(Malvaceae), Vigna marina (Burm.f.) Merr. with V. luteola (Jacq.) Benth. 
(Fabaceae), and species of Rhizophora L. and Entada Adans. are in this category 
(Vatanparast, 2010). 
The main dispersal mode of PPSS is sea-dispersal and almost all PPSS 
have seeds or fruits that can float in sea water for a long time. The seed coats 
of these species are hard with lightweight cotyledons and there are air spaces 
between the folds of the cotyledons which help the seeds to stay impermeable 
on sea water (Nakanishi 1988; Loewer 2005; Thiel, M. & Haye 2006). Nakanishi 
(1988) investigated germination and buoyancy of seeds and fruits of seventeen 
maritime species (including most of PPSS), after immersion in artificial seawater. 
He revealed that all seeds and fruits tested in the study continued to float in 
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sea water for at least three months (Nakanishi 1988). These characteristics help 
PPSS to distribute in wide areas around the globe (Figure 1).  
Overview of this study 
In this study, I focused on one of the genuine member of Pantropical Plants 
with Sea-drifted Seeds: Ipomoea pes-caprae which shows a very wide 
distribution range in tropical and subtropical areas all over the globe. I studied 
global phylogeography and genetic structure of this species based on 11 low 
copy nuclear DNA sequences (ca. 6500 bp) and applied coalescent approach 
using the Maximum likelihood and Bayesian inference methods to assess 
migration rates, direction of gene flow and genetic diversity among 
populations of the species. I also conducted Bayesian likelihood estimation to 
assess population differentiation in the wide distribution range of this species. I 
was specifically looking for using powerful coalescent-based methods along 
with independent multiple nuclear loci to demonstrate the amount and 
direction of gene flow among populations and also to find precise geographic 
structure of the species in its wide distribution range over the globe.  
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Ipomoea pes-caprae: a genuine PPSS 
Habitat and Distribution 
Ipomoea pes-caprae (L.) R. Br. (Railroad vine, beach morning glory, bay 
hops) is one of the most widely distributed pantropical beach plants 
throughout tropical and subtropical areas (Figure 2)   t  ccurs a  ng the 
beaches  c asta  strands and tr pica  is ands a    ver the w r d   ts range 
e tends fr   appr  i ate         rth  atitude t        uth  atitude   t gr ws 
just above the high tide line along coastal beaches, forming large mats that 
assist in stabilizing sands (Devall, 1992; St. John, 1970).  
Two subspecies of Ipomoea pes-caprae 
Ipomoea pes-caprae  with showy, pink flowers and water-dispersed seeds 
often forms large mats just above the high tide line on coastal beaches and 
dunes throughout tropical and subtropical regions of the world (Devall & 
L.B.Thien 1989). The species comprises two subspecies; subspecies brasiliensis 
and subspecies pes-caprae (St.John 1970; Fosberg & Sachet 1977). The two 
subspecies differ in the shape of the leaves and the dimensions of calyx and 
corolla. Distribution range of I. pes-caprae subspecies pes-caprae is limited to 
the northern part of Indian Ocean (from Arabia to Indonesia) and subspecies 
brasiliensis is pantropical in the remaining tropical and sub-tropical areas all 
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over the globe; but not in the northern part of Indian Ocean (Fosberg & Sachet 
1977). 
Gene flow and Long Distance Dispersal in Ipomoea pes-caprae 
A    f “Pantr pica  P ants with  ea-drifted  eeds” are be ieved t  deve  p 
mechanisms of long distance seed dispersal by ocean current and Ipomoea 
pes-caprae (L.) R. Br. subsp. brasiliensis (Convolvulaceae) is the widest 
distributed single species in this group and seeds of the species can remain 
viable for about 2 years in sea water (Tateishi Y., Unpublished). The buoyancy 
of seeds is due to a large unoccupied space in the testa (Devall 1992). It is 
interesting that Ipomoea pes-caprae subsp. brasiliensis has reached nearly all 
the locations in which it might occurs by long distance dispersal of its seeds in 
the sea. Normally long distance dispersal is limited because of major land and 
oceanic barriers (Duke et al. 2002) and species that are widespread across 
oceans and continents mostly show evidence on genetic differentiation among 
distant populations; because of the relative effects of continental drift and 
barriers for dispersal within the range of species (Triest 2008). Unusual long-
distance seed dispersal would be responsible for keeping the distribution of 
Ipomoea pes-caprae; however, the level of inter-population migration has never 
been studied. 
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Previous Phylogepgraphic Study on Ipomoea pes-caprae 
Phylogeographic structure of Ipomoea pes-caprae has been studied 
using AFLP analysis (Wakita et al. Unpublished). AFLP has revealed 3 major 
barriers to gene flow in the distribution range of this species: American 
continent, African continent and East Pacific ocean.  
The following three points were suggested by AFLP result: 
i) Clear genetic segregation between the two subspecies (subsp. pes-
caprae and subsp. brasiliensis) that are also morphologically distinct. 
ii) Genetic diversification of population was largest between Eastern and 
Western part of America continents, following East Pacific, and Africa, 
but all of them were less than the level between the two subspecies. 
iii) No clear segregation of population between the Indian Oceanic and 
Pacific regions that suggested gene flow via long distance seed 
dispersal. 
Possible Drawbacks of AFLP Analysis 
AFLP study characterizes spatial patterns of population structure using 
ana  gs  f Wright’s F-statistics. Although gene flow or migration can be 
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estimated from Fst in several ways (Wright 1951; Felsenstein 1976; Slatkin 
1985), this inference requires several notorious simplifying assumptions, such 
as constant and equal population sizes, symmetrical rates of migration, and 
population allele frequencies that are in a dynamic equilibrium between gene 
flow and genetic drift (i.e., that the Fst statistic itself has reached equilibrium). 
Each of these assumptions has been widely criticized for lacking biological 
realism in many natural situations, and violation of these assumptions can 
potentially severely bias estimates of migration from Fst (Burton & Feldman 
1982; Cunningham & Collins 1998; Bossart & Prowell 1998; Waples 1998; Beerli 
& Felsenstein 1999, 2001; Whitlock & McCauley 1999; Neigel 2002). The impact 
of violating these assumptions depends on the history of isolation between 
populations. Estimates of migration between populations will be biased 
upward if populations have very recently separated but will be biased 
downwards if populations have newly come into contact (Hart & Marko 2010). 
Advantages of Coalescent based New Methods: 
The most important advantage of estimates of migration from new 
analytical methods, largely those based upon neutral coalescent theory is that 
they provide joint estimates of the population genetic parameters that 
collectively produce spatial patterns of differentiation, especially effective 
17 
 
population size, migration, population growth rates, and divergence time 
(Edwards & Beerli 2000). This approach is generally superior because it avoids 
post hoc interpretation of spatial patterns (i.e., Fst) in terms of unobserved 
demographic processes (i.e., asymmetrical gene flow, ancient vicariance, recent 
range extension, population expansion, or bottlenecks), and instead directly 
estimates parameters associated with those demographic processes (Hart & 
Marko 2010).  
Like Fst-based approaches, both the precision and accuracy of 
coalescent estimates of these population parameters are greatly improved by 
(or even critically dependent on) combined analysis of multiple loci in single 
datasets that use information from the variance in coalescent times across loci 
(Edwards & Beerli 2000). Theoretical and empirical evidences suggest that 
incorporating DNA sequence data from multiple, unlinked loci are the most 
effective way to improve the accuracy and precision of historical parameter 
estimates (Wakeley & Hey 1997; Edwards & Beerli 2000; Jennings & Edwards 
2005). Therefore, we decided to use multiple single/low copy nuclear markers 
and apply coalescent approach (Kingman 1982a; b) using the Maximum 
likelihood and Bayesian inference methods implemented in MIGRATE-N 
program (Beerli & Felsenstein 1999; Beerli & Felsenstein 2001; Beerli 2011) to 
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assess migration rates, direction of gene flow and genetic diversity among 
populations of I. pes-caprae and also Bayesian likelihood estimation using 
STRUCTURE program (Hubisz et al. 2009) to assess population differentiation in 
the wide distribution range of this species. We also applied the Isolation with 
Migration coalescent model implemented in the IMa2 software (Hey 2010) to 
distinguish between both gene flow and incomplete lineage sorting. Isolation-
with-migration (IM) models (Nielsen & Wakeley 2001; Hey & Nielsen 2004; Hey 
2010) with multilocus data, can be used to estimate multiple parameters 
simultaneously in a way that is informed by genealogies from two (or more) 
closely related populations and can provide insights into historical gene flow 
processes involving ancestral populations (Hey 2010; Dixon et al. 2011).  
Discrimination between Ancestral Polymorphisms and Recent Gene Flow 
The problem is, gene flow and incomplete lineage sorting may result in 
similar genetic signals, causing difficulties for the inference of evolutionary 
relationships among closely related taxa. MIGRATE-N assumes that population 
dynamics have been stable for ~4Ne generations, meaning that shared 
polymorphisms between populations are only due to gene flow, and that gene 
flow and genetic drift are in equilibrium. Therefore, MIGRATE-N is most 
appropriate for cases in which populations are not expected to share ancestral 
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polymorphisms (Hart & Marko 2010). In contrast to MIGRATE-N, IMa is ideally 
applied to populations that have diverged recently because, in addition to M 
(Migration rate) and θ (Effective population size)   Ma a s  esti ates θ f r the 
ancestral population plus the time of divergence (t) of that ancestral 
population into the two sampled descendant populations; this combination of 
parameters allows IMa to infer whether shared alleles between populations 
represent either ancestral polymorphisms or recent gene flow (Hey & Nielsen 
2004, 2007). In theory, IMa can therefore potentially discriminate between 
substantially different population histories that may show similar amounts of 
genetic differentiation (Hart & Marko 2010). I used both MIGRATE-N and IMa 
analyses to make sure about the amount of current gene flow among the 
populations of Ipomoea pes-caprae.  
MATERIALS AND METHODS 
Populations Sampling and DNA Extraction 
 
Leaf samples of 272 individuals from 34 populations of Ipomoea pes-
caprae were collected over the distribution range of this species, from Indian 
Ocean area, West-East pacific and West-East Atlantic regions (Table 1). Five of 
20 
 
these populations (40 Individuals; populations 1-5) were Ipomoea pes-caprae 
subsp. pes-caprae which were collected from northern part of Indian Ocean 
and the rest of them were from I. pes-caprae subsp. brasiliensis. The 
geographical distribution of the 34 sampled populations is shown in Figure 3. 
Genomic DNA was extracted from dried leaves using modified CTAB 
(Cetyltrimethyl ammonium bromide) method (Doyle & Doyle 1987) and DNA 
concentration was measured by GeneQuant 100 electrophotometer (GE 
Healthcare, Life Sciences). 
 
Locus Selection, Polymerase Chain Reaction (PCR) and Sequencing 
 
The search for suitable loci began with some single or low copy genes 
identified in Ipomoea and other closely related species from the published 
literatures (Strand et al. 1997; Miller et al. 1999; Steele et al. 2008; Adams 2010). 
We also selected some loci for screening from Ipomoea batata EST database of 
the NCBI. First, we tried PCR amplify 30 loci by using reported primers and 12 
individuals from 6 populations covering entire distribution range of the species. 
All loci that yielded multiple/no bands during PCR amplification were 
discarded. Loci with single PCR bands were directly sequenced using an ABI 
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3500 automated sequencer (Applied Biosystems, Foster City, CA, USA) to 
determine whether they represented a single sequence or not. Eleven loci 
remained suitable for further analysis. Then to be sure that there is no variation 
within primer regions internal specific primers were developed for all 11 loci 
based on a conserved region between I. pes-caprae and the closely related 
species sequences from Genbank (Table 2). All the overlapping peaks were only 
dual peaks and no more than one dual peak was appeared in each locus, so 
that alleles of each sample were visually determined in SEQSCAPE V2.5 
software. Sequences of each locus were aligned using the Auto Assembler 
software (Applied Biosystems) and SEQSCAPE V2.5 software (Applied 
Biosystems). All sequences were deposited in the GenBank (GenBank accession 
nos. KF296474-KF296597). The selected loci consisted of: Waxy gene encoding 
granule-bound starch synthase I (GBSSI), β-amylase gene, Chalcone synthase 
gene (Chs), Triose Phosphate Isomerase Gene (TPI), Heat shock protein 90 
(HSP90), Calmodulin (Cam),  Anthocyanidin synthase (ANS),  Acetolactate 
synthase (ALS),  UDP glucose flavonoid 3-glucosyltransferase (UF3GT) and two 
genes from the EST database of the NCBI (EST-1 and EST-2). For 3 of the eleven 
loci (ALS, TPI and EST-2) all sequenced regions were coding regions, while for 
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the other eight (ANS, β-amylase, Cam, Chs, EST-1, HSP-90, UF3GT and Waxy) 
sequenced regions were included coding and noncoding (Table 2).  
Polymerase chain reactions (PCR) were performed in reaction volumes of 
reacti n  i tures (   μL/reacti n) c ntained c  1  –30 ng of template DNA, 
  12 μL (  6 unit)  f E Taq D A p    erase TaKaRa Bi    C  Otsu   higa  
Japan)    μL  f E Taq PCR buffer [1     /L Tris-HCL (pH 8.3), 50 mmol/ L KCL, 
1 5     /L MgC 2]  2 4 μL  f   2     /L d TP s  uti n  2 4 μL  f 2    M 
MgC 2    8 μL  f 1  p   /L for each of two primers. The PCR conditions were 
as follows: 3 min for initial denaturation at 95°C, followed by 35 amplification 
cycles of 1 min denaturation at 95°C, 1.5 min annealing at a fragment specific 
temperature, 1 min extension at 72°C, and a final 10 min extension at 72°C. We 
used the annealing temperature of 54°C for all primer. The PCR products were 
visualized by performing 0.8% agarose gel electrophoresis with ethidium 
bromide staining and amplified DNA was purified using ExoSAP-IT (USB Corp., 
C eve and  Ohi   U A) acc rding t  the  anufacturer’s instructi ns  The c c e 
sequencing reactions were carried out using the ABI BigDye Terminator version 
3.1 Cycle Sequencing Kit (Applied Biosystems) and sequencing reaction 
products were purified by ethanol precipitation. The purified PCR products 
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were sequenced directly on an ABI 3500 automated sequencer (Applied 
Biosystems, Foster City, CA, USA). 
Nucleotide Diversity and Neutrality Tests 
Sequences were aligned using BioEdit v. 5.0.9.1 (Hall 1999). Coding 
regions and open reading frames were identified by comparison to ESTs for 
some closely related species from Genbank data. To know the phylgeographic 
relationship among populations, statistical parsimony network was inferred for 
each locus using TCS1.06 (Clement et al. 2000). For each locus and for each pair 
of populations, the number of segregating sites (S); the extent of nucleotide 
p     rphis  in ter s  f θw (Watterson 1975) and the nucleotide diversity in 
ter s  f π (Nei & Li 1979) at t ta  sites (πt)  si ent sites (πs) and 
n ns n n   us sites (πa) were esti ated using Dna P v  5 1   1 (Librado & 
Rozas 2009). Each locus was tested for departures from neutral expectation 
using Taji a’s D (Tajima 1989)  Fu and Li’s D* and F* (Fu & Li 1993) statistics 
using DnaSP (Librado & Rozas 2009). 
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Intra-Locus Recombination 
In the following analyses, all sites within studied loci were assumed to 
share the same genealogical history. However, recombination is believed to be 
common in nuclear loci and to influence the outcome of genealogically based 
analyses (Wall 2003). Therefore, we assessed recombination events with the 
"four-gamete test" using DnaSP vers. 5.0. Although this test only evaluates the 
minimum number of intra-locus recombination events, it is sensitive to the 
presence of recombinations. When the test of the dataset of each locus 
suggested an intra-locus recombination, we discarded the sites within the 
recombination block and retained the longest possible contiguous 
unrecombined sequence for subsequent analyses. 
Population Structure 
 
The genetic structure of Ipomoea pes-caprae was investigated using the 
model-based clustering algorithm implemented in STRUCTURE V. 2.3 (Hubisz 
et al. 2009). This program employs a Bayesian algorithm to infer the true 
number of clusters (K) in a sample of individuals and groups individuals into 
the most likely number of clusters (K) that maximizes the within cluster Hardy-
Weinberg and linkage equilibrium. A total of twenty replicate runs were 
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conducted for every value of K between 1 and 8, with a burn-in of 50 000 
iterations and a run length of 500 000 iterations. An admixture model was used 
without prior population information. Structure analyses were performed on all 
34 populations. The most likely number of clusters (K) was evaluated using the 
ΔK method (Evanno et al. 2005), in which ΔK is an ad hoc statistic based on the 
rate of change in the log probability of data between successive K values; the 
chosen value of K was that which gave the highest value of ΔK.  
Migration Rates between Oceanic Regions 
To assess migration rates, direction of gene flow and genetic diversity 
among populations of I. pes-caprae, we applied coalescent approach (Kingman 
1982a; b) using the Maximum likelihood and Bayesian inference methods 
implemented in MIGRATE-N version 3.3.1 (Beerli & J. Felsenstein 1999; Beerli & 
Felsenstein 2001; Beerli 2011). All populations were pooled into five regional 
groups (West-East Atlantic Ocean, Indian Ocean, and West-East Pacific Ocean) 
and also populations of subspecies pes-caprae from northern part of Indian 
Ocean. According to the linear setting of the five regional groups, we 
employed  the stepping stone migration model with asymmetric rates (Kimura 
& Weiss 1964). For each of the six regional groups (including subsp. pes-
caprae)  the genetic diversit  (θ=4 eμ  where  e is the effective p pu ati n 
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size and µ is the mutation rate per site per generation), pairwise migration rate 
(M= /μ  where   is the rate  f  igrati n f r each   cus) and nu ber  f 
 igrants per generati n (  =Mθ) were esti ated   tarting para eters f r 
 igrant va ues and θ were generated fr   a few tria  runs  F r Ma i u  
likelihood analysis, 20 short chains (length 5.0 x 104) followed by 5 long chains 
(length 5.0 x 105) with sample increment of 100 and for both run were 
conducted and the first 15000 generations were discarded as burn-in at the 
beginning of each chain. An adaptive heating scheme with 4 chains and a 
swapping interval of 1 was applied. Maximum likelihood estimates (MLE) were 
verified with three replicate Markov Chain Monte Carlo (MCMC) simulation 
runs t  ensure c nvergence  f si i ar va ues f r θ  Ba esian MCMC c a escent 
modeling were also used which is provide parameter estimates based on full 
likelihood estimation and decreased computation time of approximation 
comparing to Maximum likelihood estimates. Bayesian parameters included an 
update frequency of 0.5, a Metropolis-Hastings sa p ing a g rith  f r b th θ 
and M; unif r  pri rs were p aced  n θ fr     t      2 and M fr     t  5     
Starting parameters for migrant va ues and θ were generated fr   a few first 
trial runs. An adaptive heating scheme with 4 chains and a swapping interval of 
1 was applied. We used the Felsenstein 84 model of evolution, and set the 
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transition to transversion ratio to 2 as a default values in the program. Six 
independent MCMC runs of varying length and burn-in were conducted which 
produced similar results. Therefore, we presented mean results of all runs. 
Using tracer v1.5 (Rambaut, A. & Drummond 2009) convergence of the 
likelihood in MCMC chains and effective sample size (ESS) observed following 
the burn-in. The analyses were considered as converged upon a stationary 
distribution, if the different runs generated similar posterior density 
distributions with a minimum ESS of 100 (Hey 2005; Kuhner & Smith 2007). 
Isolation-with-Migration Analysis 
Migration rates, effective population sizes, and the population-
divergence time were calculated based on the IM model using the IMa2 
program (Hey & Nielsen 2007). The program served to estimate probability 
density functions for parameters of the IM model and to assess the posterior 
probability densities for model parameters using Markov Chain Monte Carlo 
(MCMC) methods (Hey & Nielsen 2004, 2007). The IMa2 program assumes that 
the loci are unlinked and free from natural selection and recombination, and 
that the populations are panmictic. As IMa2 assumes no intra-locus 
recombination, I used IMgc (Woerner et al. 2007) to generate the largest 
possible recombination-free subsets of my alignments and performed the 
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analyses with these reduced data sets. I used an analytical strategy similar to 
that suggested in the IMa2 documentation. First I ran a series  f ana  ses in ‘‘M 
  de’’ (Mark v-Chain Monte Carlo or MCMC mode) in which I varied the prior 
distributions, number of search chains, and heating scheme in order to find 
parameters for the Metropolis-coupled MCMC search of likely gene trees that 
gave evidence of good mixing (large effective sample sizes, similar 
demographic parameter estimates from the first and second halves of each 
search, and similar results from replicate searches under identical conditions 
from different random number seeds) and that densely sampled the non-zero 
part of the posterior distribution of the six demographic parameter values: 
divergence time (T), three population size para eters (θA, θ1 and θ2) and two 
migration rates (m1 and m2). In IMa2, several preliminary runs were made until 
prior boundaries were optimized. I conducted each IM simulation for 15 million 
steps with a burn-in of 20 million steps and ran 10 Metropolis Coupling of 
Markov chains (MCMC) under the infinite-sites (IS) mutation model (Kimura 
1969) of sequence evolution. The M mode analyses invoke the MCMC search; 
generate posterior distributions of model parameter values, and save a sample 
of gene trees on which the parameter value posteriors are based; for each 
population, I then analyzed the saved gene trees from the three different M 
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  de resu ts in ‘‘L   de’’ (L ad Trees   de) t  carr   ut  ike ihood ratio tests 
that compare a set of nested models with progressively fewer parameters 
against the full six-parameter model. These L mode tests allow the user to ask 
whether population sizes have changed from the ancestral population size, 
whether population sizes of the sampled populations differ, whether the two 
migration rates differ from each other, and whether either or both of those 
migration rates are not significantly different from zero. Mutation rates and 
generation time are required to convert model parameter estimates from IMa2 
into demographic quantities of number of migrants, effective population sizes 
and time of divergence. In order to translate the IMa2 parameter estimates into 
demographic quantities, I chose a mutation rate of 2.2×10-9 
substitutions/site/year as a typical nuclear mutation rate for a wide range of 
organisms (Kumar and Subramanian 2002; Lynch 2006), This mutation rate was 
multiplied by the number of base pairs in each locus to calculate the per-locus 
 utati n rate μ (substitutions/year). The geometric mean of all eleven per-
locus mutation rates (2.09×10-6) was taken to estimate six population 
para eters sca ed b   utati n rate (μ): the effective population sizes for the 
ancestra  p pu ati n (θA, = 4 eμG) where G is generation time and for the two 
daughter p pu ati ns (θ1 and θ2); the divergence time between the two 
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descendent populations (t=T/µG); and migration (m=2NemµG) rates between 
daughter populations (m1, m2), in the coalescent. Since the coalescent goes 
backward in time, m1 is the rate at which genes enter population 1 from 
population 2 as time goes forward (Hey et al. 2004). A 2Nem value less than 
one indicates that gene flow is not significant (Wright 1931). 
RESULTS 
Nucleotide Variation and Neutrality Tests 
A total of 11 nuclear loci were sequenced for 272 individuals 
representing 34 populations of the species. The aligned length of nucleotide 
sequence ranged from 401 to 785 bp with a total length of 6481 bp after 
excluding gaps and recombination sites (Table 3). The nucleotide diversity at 
each locus and over the eleven loci for each pair of populations was presented 
in Table 3, S1 and S2). The levels of polymorphism differed between loci; beta-
amylase was the most polymorphic locus (K = 11.70) and Waxy the least (K 
=1.14) (Table 3). The levels  f nuc e tide p     rphis  (πt)  ver the eleven 
loci were higher in subsp. brasiliensis (πt =     77) than in subsp. pes-caprae 
(πt =     39) (Table S1). The ratio of synonymous to non-synonymous 
polymorphism was compared within and between populations. Non-
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synonymous mutations were not found to be fixed within a population. The 
diversity at noncoding and synonymous sites was higher than that at 
nonsynonymous sites (Table S1). The divergences between two subspecies was 
the largest (Kt = 0.011) than the all other groups which were (Kt = 0.0067) 
between Atlantic and Indian Ocean, (Kt = 0.0048) between Indian Ocean and 
West pacific and (Kt = 0.0037) between East pacific and West Atlantic (Table 
S4). With regard to the neutrality tests, all loci and  population comparisons 
 ie ded n t significant departure fr   neutra it  using Taji a’s D  Fu and Li’s 
D* and F* with only a few exceptions (Table 1 and S1). 
Haplotype Network  
 
The relationships among the haplotypes are shown in parsimony 
networks (Figure 4). Subspecies pes-caprae had at least one unique haplotype 
separated from subspecies brasiliensis with 2-20 steps, but also at least one 
haplotype was shared between the two subspecies except for Chs and UF3GT.  
For subsp. brasiliensis, there was at least one haplotype sharing between the 
Indian Ocean and West Pacific regions, West and East Atlantic regions, Atlantic 
and East pacific regions in all loci. In six cases (ALS, TPI, EST-1, EST-2 , Cam and 
UF3GT) networks possessed one main haplotype sharing among all 
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geographical regions and in two of them (ALS and EST-2) the haplotype was 
even shared with subspecies pes-caprae. And in the other 5 markers there were 
at least two major close haplotypes which were shared in all geographical 
regions (except for ANS that the haplotype of Indian Ocean was separated 
from the others). In order to visualize the degree of haplotype endemicity and 
haplotype sharing among sites we also used pie charts to plot the distribution 
of different haplotypes on a map of the study area (Figure 5 and 6).  
Genetic Differentiation and Population Structure 
 
The result of assessment of population structure based on Bayesian 
likelihood estimates (using STRUCTURE) is shown in Figures 7 and 8. The 
highest likelihood was found for K=3 and the likelihood value were consistent 
among the ten replicate runs. All individuals of subsp. pes-capare were 
exclusively grouped in a different cluster and those of Indian ocean and West 
pacific (IWP) populations and also Atlantic Ocean and East pacific (AEP) 
populations were almost clustered together but still the genetic differentiation 
between the regions was not completely conserved and the result was not 
completely consistent with my geographical setting (Figure 7). In K>3, unclear 
geographic structures were detected between populations (Figure 8). 
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Migration Rates between Oceanic Regions 
 
Coalescent-based maximum likelihood estimates (MLE) from MIGRATE-N 
indicate asymmetric and high amount of gene flow along the distribution 
range of the I. pes-caprae populations (Table 4). The MLE showed that genetic 
diversity was highest in the northern part of Indian Ocean region (θsubsp. pes-
caprae =     64) and West Pacific regi n (θWP = 0.0063), and lowest in the West 
At antic regi n (θ =      1)  The most probable estimates of migration rates 
(M) ranged from 135.7 to 3002.2, with the highest migration observed within 
the Atlantic region from West Atlantic into East Atlantic (M= 3002.2). In 
contrast, estimates of migration between two subspecies (M=135.7 and 180.8) 
as well as into the Indian Ocean region from the East Atlantic (M= 153.5) were 
too low. To examine the strength of the information in each dataset, 95% 
confidence intervals were determined for migration rates. We converted long-
term estimates of gene flow (M) to the average number of effective migrants 
(Nem) from population i to population j using the formula: Nem i

j = (θi Mi

j 
/4) among 6 regional groups (Table 4). The direction of migration was 
asymmetrical, with the population in the Indian Ocean region having larger 
polymorphism due to migration (MEA to In = 1501.9) than the East Atlantic (MIn to 
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EA = 426.33). The East Atlantic region experienced a greater input of 
polymorphism due to migration (MWA to EA = 3487.48) than the West Atlantic 
(MEA to WA = 964.38). The Indian Ocean experienced a greater input of 
polymorphism due to migration (MWP to In = 3903.7) than the West Pacific 
region (MIn to WP = 2309.2). The East Pacific experienced a greater input of 
polymorphism due to migration (MWP to EP = 2007.2) than the West Pacific (MEP 
to WP = 1893.5) and the East Pacific region experienced a greater input of 
polymorphism due to migration (M WA to EP = 4989.7) than the West Atlantic 
(MEP to WA = 1904.83). The highest Nem in total was greater than 9 migrants per 
generation between the West Pacific and Indian Ocean and the lowest was less 
than 1 between the 2 subspecies (Table 4). The estimated numbers of migrants 
in total between the West Pacific and East Pacific, East Pacific and West Atlantic, 
and East and West Atlantic pairs were 3.856, 6.176, and 4.220, respectively. The 
number of migrants from the Indian Ocean region to the East Atlantic (Nm = 
0.511) was much lower than that in the opposite direction, i.e., from the East 
Atlantic to the Indian Ocean (Nm > 2.702). Bayesian inference of theta and 
migration rates among six groups are plotted on Figures S1 and S2 respectively. 
Bayesian estimation of migration rates were almost equal With Maximum 
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Likelihood estimation (see Figure 10 and Table 4). Highest number of migrant 
was from West Pacific to the Indian Ocean (Nm=6.24; Table 4, Figure 9). 
Demographic History Estimated Using the IM Model 
 
I performed multiple IM simulation runs for the five population groups 
(same as MIGRATE-N analysis) using IMa2 to find the marginal posterior 
distributions of the probabilities of the demographic parameters. Five groups 
included: group I: two subspecies (pes-caprae and brasiliensis), group II:  Indian 
Ocean and West pacific, group III: West Pacific and East Pacific, group IV: two 
sides of Panama Isthmus, and group V: two sides of African continents (Indian 
Ocean and Atlantic Ocean). The MLEs and the 90% highest probability density 
(HPD) of demographic parameters of the IM model are shown in Table 5 and 
Table 6, and the marginal distributions of the probabilities of the parameters 
are shown in Figure 11. Independent runs in the M-mode and L-mode gave 
consistent MLEs, indicating the robustness of these values for the parameters 
(Table 5). The estimated migration in both direction was effectively zero 
between two subspecies (m1= 0.000076 and m2= 0.000038) and more than zero 
in the four other groups: m1= 2.59 from West Pacific to Indian Ocean and m2= 
1.25 from Indian Ocean to West Pacific, m1= 0.32 from West Pacific to East 
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Pacific and m2= 1.45 from East Pacific to West Pacific, m1= 0.48 from West 
Atlantic to East Pacific and m2= 0.09 from East Pacific to West Atlantic,  and 
m1= 0.47 from Indian Ocean to Atlantic Ocean and m2= 1.12 from the Atlantic 
to Indian Ocean. The divergence time (t) with maximum likelihood was 0.025 
for two subspecies, corresponding to 12440.01 years ago and it was 0.136 for 
the populations over American continent corresponding to 65071.77 years ago. 
The effective population sizes (θ1 and θ2) in all groups were less than that of 
the ancestra  p pu ati n (θA) (Table 6).  
 
DISCUSSION 
Substantial Gene Flow by Sea-Drifted Seeds in Ipomoea pes-caprae subsp. 
brasiliensis 
 
My study using 34 populations covering almost the entire distribution 
range of a pantropical plant with sea-drifted seeds; Ipomoea pes-caprae, 
revealed that there is high amount of gene flow among the populations of 
Ipomoea pes-caprae subsp. brasiliensis in the wide distribution range of this 
species.  Number of migrants among populations of subspecies brasiliensis in 
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both the analyses of MIGRATE-N and IMa2 was significantly more than the 
number of migrants between two subspecies (Figures 9, 10 and 11, Tables 4, 5 
and 6). The values of Nm obtained in MIGRATE-N analysis suggested that the 
ssp. brasiliensis has kept substantial gene flow throughout the whole 
distribution range around the world. Number of migrants (Nm) between 6 
different oceanic regions obtained from MIGRATE-N and IMa2 analyses 
revealed that all populations (except for subsp. pes-caprae) are connected by 
migration with Nm > 1 at least in one direction (Figures 9-11, Table 4-6).  One 
migrant per generation is considered sufficient to prevent divergence through 
genetic drift (Wright 1978). Gene flow among distant regional populations was 
also suggested in the haplotype networks and haplotype distribution maps 
(Figures 4, 5 and 6) in which at least one major haplotype in a gene tree 
showed the distribution of the haplotype in more than three geographic 
regions. In both MIGRATE-N and IMa analyses, the highest migration was seen 
between the populations of Indo-West Pacific region (Figures 9-11, Table 7) 
and it was almost two times higher from the West Pacific region to the Indian 
Ocean than the opposite side. STRUCTURE analysis also pooled the population 
of Indian Ocean and West pacific region in one cluster and Atlantic East Pacific 
in the other (Figure 7). High amount of gene flow among Indian Ocean and 
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West Pacific in both directions is compatible with the other pantropical plants 
studies (Takayama et al. 2006, 2008; Vatanparast 2010). They all suggested that 
frequent gene flow through long-distance seed dispersal is responsible for the 
cohesive of species in their wide distribution range. Seeds of Ipomoea pes-
caprae can remain viable for about 2 years in ocean water (Tateishi Y., 
Unpublished) and it is very likely that the extremely wide distribution range of 
the species over almost the entire littoral area of the tropics worldwide has 
been caused by the dispersal of its sea-drifted seeds.  
IMa2 analysis revealed smaller number of migrants than MIGRATE-N 
analysis in all regions but still it showed the highest number of migrant 
between Indian Ocean and Nm>1 at least in one direction between all other 
groups except for the populations over American continent. Same as 
MIGRATE-N analysis IMa2 showed asymmetrical gene flow between Atlantic 
Ocean and Indian Ocean over African continent. It further showed asymmetric 
gene flow between West-East Pacific populations with the Nm>1 East Pacific to 
West Pacific but Nm<1 in the opposite direction (WP  EP) which might be 
related to the direction of ocean currents and/or presence of East Pacific 
barrier. This kind of directional gene flow by seed dispersal is also known from 
the Pacific Population of Rhizophora mangle to Rhizophora samoensis in 
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Southern Pacific (Takayama et al. 2013). Although the IMa2 and MIGRATE-N 
methods differed in absolute rates of migration, they were consistent in 
indicating an extremely low rate of migration between two subspecies and also 
were consistent in revealing high amount of gene flow among the populations 
of ssp. btasiliensis (Tables 6 and 7).  
 
Different rate of gene flow estimated by IMa2 and MIGRATE-N analyses 
can be explained by the timescale over which these analyses effectively detect 
migration: IMa2 is powerful at detecting recent admixture, MIGRATE-N reflect 
persistent migration over hundreds or thousands of generations (Scascitelli et 
al. 2010). Furthermore, MIGRATE-N assumes that shared polymorphisms 
between populations are only due to gene flow. Therefore, MIGRATE-N is most 
appropriate for cases in which populations are not expected to share ancestral 
polymorphisms, in contrast, IMa2 is ideally applied to populations that have 
diverged recently (Hart & Marko 2010). 
In case of the populations over American continent that is assumed to 
be a major barrier for gene flow, MIGRATE-N analyses showed significant 
amount of migration (Figures 9 and 10). STRUCTURE analysis also pooled the 
populations of East Pacific and Atlantic oceanic regions in one cluster (Figure 
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7). In contrast, IMa analysis showed a very small number of gene flow over 
American continent. Highest probability of divergence time estimated by IMa 
analysis also appeared not to be at t=0 which shows the populations are truly 
diverged from each other (Figure11). The Isthmus of Panama has always served 
as a virtually impenetrable barrier to migration and gene flow among tropical 
species since its closure which has been well documented using multiple lines 
of evidences and independent surveys (Keigwin 1982; Coates et al. 1992; 
Obando et al. 1996). Clear genetic diversifications between populations over 
American continent has been also reported in some pantropical plants like 
Rhizophora mangle and R. racemosa (Cerón-Souza et al. 2010; Takayama et al. 
2013), Avicenia (Nettel & Dodd 2007) and between populations of Canavalia 
rosea (Vatanparast 2010). The common patterns of genetic differentiation 
indicated that the American continent could be a clear geographic barrier that 
prevents gene flow by sea-dispersal for pantropical plants with sea-drifted 
seeds.  In this study it was also expected that after the closure of the Isthmus of 
Panama (estimated at 3.1–3.5 million years ago) (Knowlton et al. 1993; Marko 
2002); seeds have not been able to disperse between East Pacific and Atlantic 
oceanic regions and therefore populations have been differentiated gradually.  
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Lack of structure between populations using multiple nuclear loci in 
MIGRATE-N and STRUCTURE analyses could be explained by incomplete 
lineage sorting. In the absence of natural selection, coalescence of alleles to a 
common ancestor (i.e., complete lineage sorting) at nuclear loci takes nearly 
four times longer than cytoplasmic markers because nuclear loci are 
recombining, biparentally inherited, and have larger effective population sizes 
(Rosenberg & Nordborg 2002). Thus, if populations have been separated long 
enough that nuclear alleles have fully sorted, then contemporary gene flow 
most likely explains the lack of genetic structure, whereas recent population 
divergence is congruent with incomplete lineage sorting (Wallace et al. 2009). 
Given the recent separation of populations over the Isthmus of Panama within 
the last 3 million years (Knowlton et al. 1993; Marko 2002), it is likely that 
incomplete lineage sorting has influenced patterns of genetic structure 
observed in I. pes-caprae using MIGRATE-N analysis. This might leave 
unanswered the question of whether gene flow is ongoing among the 
populations over the Isthmus. 
Low migration rates over the American continent, based on the IMa2 
analysis also might confirm that lineage sorting is a likely explanation for a lack 
of structure at the MIGRATE-N result. Furthermore, larger ancestral population 
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size as inferred by the coalescent approach under the IM model is in contrast 
to the relatively small population sizes of the descendent populations, 
reflecting a prominent stochastic effect of lineage sorting among multiple loci 
(Stevison & Kohn 2009; Liao et al. 2012). The large ancestral population size 
also implied that two derived populations share an abundant genetic 
background with their ancestors before divergence. 
Different Effects of Barriers to Shape the Genetic Structure of ssp. 
brasiliensis 
Land and oceanic barriers which are known to shape the genetic 
structure of wide spread sea-dispersal plants seem to have different effects on 
the genetic structure in case of ssp. brasiliensis. 
The East Pacific Ocean and the African continent both have reported as 
strong barriers for many other sea-dispersal plants such as mangroves (Triest 
2008). Although in my structure result these two barriers pooled the 
populations into two different clusters almost equivalent to IWP and AEP 
(Figure 7), the genetic structure was not clearly segregated by the geographic 
barriers, which suggest gene flow over the barriers. In case of East Pacific; three 
populations (populations 20, 21 and 22 in Figure 7) in the West Pacific around 
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the boundary between IWP and AEP, showed admixture patterns, which 
suggest that even though the East Pacific Ocean shaped the genetic structure 
of subsp. brasiliensis, but the effect was not strong enough to completely 
prevent long distance dispersal of I. pes-caprae ssp. brasiliensis by sea-drifted 
seeds. Recent study also suggested similar pattern of trans-Pacific dispersal for 
an AEP mangrove species, Rhizophora mangle, colonized into Southern Pacific 
islands (where the species is called Rhizohpora samoensis) over the East Pacific 
(Takayama et al. 2013).  
Another mismatch between genetic clustering and biogeographic 
boundaries which was shown at East Africa is more complicated. Two 
populations (Populations 6 and 7 in Figure 7) showed admixture between the 
two clusters in the STRUCTURE analyses which is also a sign of gene flow 
between IWP and AEP regions. The populations 7 and 8 showed clear 
segregation even though they are geographically close and no apparent 
geographic barrier between them (Figure 7). The results of MIGRATE-N and IM 
also reflected the genetic structure over the African continent by asymmetric 
migration: very small westward migration (Nm IO to EA <1) and larger 
eastward migration (Nm EA to IO > 1) (Figure 9-11 and Table 4-6). We still 
d n’t have an  re iab e e p anati ns ab ut this as   etrica   igrati n  ver 
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the African continent and the clear boundary of genetic structure between East 
Africa and Madagascar populations. The direction of ocean current might not 
be the reason, because there are strong south-westward currents through the 
straight between the East Africa and Madagascar, and no apparent currents 
from West Africa to East Africa. Historical effects on genetic structure such as 
contraction of populations to refugia in glacial periods followed by strong 
bottleneck and range expansion, or genetic influence from closely related 
species via hybridization might have caused this kind of genetic structures, but 
further studies are necessary to answer the question.  
The Malay Peninsular region is also known to shape distinct genetic 
structures in some mangrove plants between the Indian Oceanic and West 
Pacific regions (Nettel & Dodd 2007; Triest 2008), but for I. pes-caprae subsp. 
brasiliensis, the migration between the two region was the highest among the 
population pairs studied (Figure 9-11 and Table 4-6). Considerable level of 
gene flows over the Malay Peninsula region was also reported in Hibiscus 
tiliaceus that is distributed from West Africa to South Pacific (Takayama et al. 
2006, 2008). This suggests that the Malay Peninsula region has different levels 
of effect as barrier to prevent gene flow for different group of sea-dispersal 
plants, which is perhaps related to the ability of seed dispersal or history of 
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populations. For Ipomoea pes-caprae ssp. brasiliensis that retain seed buoyancy 
for about 2 years (Teteishi, Unpublished) can be substantially dispersed over 
the barrier, but not for the mangrove plants like Bruguiera gymnorhiza (Minobe 
et al. 2010). Further studies on the seed buoyancy and viability of sea-drifted 
seeds of these species, as well as, on the history of population divergence 
would be helpful to discuss more accurately in this area. 
 
How Accurate could be the Demographic History Estimated by IM model 
Knowledge of molecular demographic parameters, such as current and 
historical effective population sizes, divergence times, and rates of gene flow 
between populations, informs our understanding of many important 
phenomena such as biogeographic histories of groups of populations and the 
process of differentiation between them. However, reliable estimates of these 
parameters have historically been extremely difficult to make, in part because 
patterns of genetic diversity and differentiation can often be explained at least 
to a rough approximation by a wide range of divergence time and gene-flow 
combinations (Slatkin & Maddison 1989); and even in the absence of gene 
flow, estimates of divergence time can be confounded by changes in effective 
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population size (Edwards & Beerli 2000). In addition, Gene divergence will 
almost always miscalculate population divergence because of random 
sampling of ancestral polymorphisms by descendent populations. The degree 
to which gene divergence miscalculates population divergence can be 
substantial when the effective population size (Ne) of the common ancestor is 
large relative to divergence time (Edwards & Beerli 2000) as we saw in this 
study. A recent simulation study also has shown that violation of assumptions, 
results in a false estimation of demographic parameters (Becquet & Przeworski 
2009). Like all models, the IM model has a number of assumptions. The major 
assumption is that the history of the two populations under consideration is 
accurately described by the IM model. This means that the populations should 
not be more closely related to other populations than they are to each other. 
They should also not be exchanging genes with any unsampled populations. 
The model assumes selective neutrality for all loci. It also assumes that none of 
the populations are subdivided. It further assumes that there is free 
recombination between loci and no recombination within loci (Nielsen & 
Wakeley 2001; Hey & Nielsen 2004). The most significant remaining obstacle to 
successful application of the IM method across species and loci may be the fit 
of individual sequence alignments to the DNA sequence mutation model 
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implemented in current versions of the software. Only two (out of many 
possible and more realistic) mutation models for DNA sequences are 
implemented in IMa2. Strasburg and Rieseberg (2010) showed that a poor fit 
between the mutation model and the real pattern of nucleotide substitution 
can be a significant source of error in IM analyses.  Also it is possible that the 
actual mutation rates of markers used in this analysis were different than my 
estimate. This difference would proportionately change my converted time 
since divergence onset. This highlights the need for objective and assumption-
free genetic data analyses. 
In my study, for the populations of two sides of Panama (group IV), the 
divergence time with maximum likelihood was around t = 0.01 (Figure 11, 
Table 5, 6) and if we use a rough mutation rate of 2.09×10-6 per locus per year, 
corresponds to ca. 500 years ago (Table 6), which is much smaller than the 3 
Mya that we expected from the time of the closure of panama. In case of the 
four other groups also divergence time appeared to be very small.  
The very short divergence time inferences might also be due to the 
intrinsic factor of rapid evolutionary rate of nuclear loci, resulting in fast 
coalescence of the wide ranges of evolutionary rate of them, and extrinsic 
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factors such as the possible pollen flow and/or all the possible violations that 
have explained above. In addition, in case of group II (West Pacific and Indian 
Ocean), group III (West Pacific and East Pacific) and group V (Atlantic and 
Indian Ocean), the posterior probability was the highest when t = 0 which 
might be indicating that these every two populations are not truly diverged. 
The estimates of gene flow by IMa2 and MIGRATE-N analysis in my study also 
suggested these populations are not diverged and/or the divergence between 
these populations is not completed.  
The Strong Genetic Difference between two Subspecies of Ipomoea pes-
caprae 
Even though there are ocean currents that may convey seeds among 
populations of two subspecies and there is no clear geographic barrier 
between them, the geographical distribution of subspecies pes-caprae which is 
also morphologically different from subsp. brasiliensis is almost completely 
isolated in the northern part of Indian Ocean (St.John 1970; Fosberg & Sachet 
1977; Devall 1992). All my analyses; MIGRATE-N, IMa2 and STRUCTURE, 
revealed clear genetic differentiation between subsp. pes-caprae and subsp. 
brasiliensis (Figures 8-11). Haplotype distribution maps also in most of the 
markers showed fixed unique haplotypes for population of subsp. pes-caprae 
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(Figure 5). Differentiation between the two subspecies suggests that the two 
subspecies may have cryptic ocean barriers that prevent gene flow by sea 
dispersal between them, and/or they might have experienced historical 
differentiation that has caused local adaptation to different environmental 
factors in each region. According to Carlquist 1980 if a plant shifts its ecological 
preference, it will tend to lose contact with the agent responsible for its 
dispersal (Carlquist 1980). Therefore, subspecies pes-caprae might have lost the 
ability of seed dispersal and have become reproductively isolated, but 
brasiliensis, retained sea-drifted seeds and has not become isolated in one 
area. Further oceanographic studies as well as differentiation of environmental 
factors would be necessary. 
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CONCLUSION 
Overall there appears to be a strong signal of gene flow between the 
populations of Ipomoea pes-caprae subsp. brasiliensis and the species has 
remained as a cohesive unit in tropics and subtropics all over the globe. Long 
distance dispersal of drifted seeds through ocean currents is the most probable 
explanation for the worldwide distribution patterns of this species. This scale of 
gene flow from such a widely distributed range of plant species is a unique 
case and it shows the significance of long distance seed dispersal to keep 
species integration in worldwide distributed populations. On the other hand, 
reduced gene flow and/or local adaptation might be the reason of 
differentiation between two subspecies. 
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Figures 
 
Figure 1. The geographical distributions range of Ipomoea-pes-caprae. Pink shadow in the 
northern part of Indian Ocean is the distribution range of ssp. pes-caprae and the big shadow is for ssp. 
beasiliensis.  
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Figure 2. Ipomoea pes-caprae; a) ssp. pes-caprae b) brasiliensis c) seeds d) Fruits.  
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Figure 3. The geographical distributions of the 34 sampled populations used in this 
study. Each circle correspond one population and includes 8 individual. Numbers are the 
same with table 1.  
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Figure 4.  Parsimony networks of haplotypes of Ipomoea pes-caprae from 11 nuclear loci. Each circle 
shows different haplotype and each color represents haplotypes from the different geographical regions, 
“Red” is haplotypes of subspecies pes-caprae and  “Brown”, “Orange”, “Yellow”, “Green” and “Blue” are 
subspecies brasiliensis from Indian Ocean, West Pacific, East Pacific, West Atlantic and East Atlantic, 
respectively. 
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Figure 5. Geographical distribution of nuclear DNA haplotypes of Ipomoea pes-caprae. Each 
circle corresponds to 8 individual of one population. Colors of pie charts correspond to different 
haplotypes and are same with Fig. 6. 
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Figure 6. Haplotype network showing 95% most probable connections as calculated by TCS1.06. 
Each haplotype is shown as a circle, the size of which indicates the number of individuals with that 
haplotype. Haplotypes are same with those in haplotype distribution map for each marker (Figure. 5). 
Mutational steps connecting haplotypes are represented by dots between haplotypes. 
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Figure 7. STRUCTURE analysis of Ipomoea pes-caprae populations based on 11 nuclear 
markers. Bars represent the membership coefficients (Q) of individual plants (272 in total in 6 
populations), using K values for three groups. The horizontal axes correspond to the studied 
geographical regions. Left to right: Subsp. pes-caprae, Indian Ocean, West Pacific, Oceanic, East 
Pacific, West Atlantic and East Atlantic region. Numbers on the top correspond to the population 
numbers are shown in Figure. 3 and Table 1. 
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Figure 8. STRUCTURE analysis of Ipomoea pes-caprae populations based on 11 nuclear markers. 
Bars represent the membership coefficients (Q) of individual plants (272 in total in 6 populations), using 
K=2-6.  The horizontal axes correspond to the studied geographical regions. Left to right: Subsp. pes-
caprae, Indian Ocean, West Pacific, Oceanic, East Pacific, West Atlantic and East Atlantic region. 
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Figure 9.  Number and direction of migrants (Nm) within different Oceanic regions. East Pacific 
(EP), West Atlantic (WA), East Atlantic (EA), Indian Ocean (IO), West Pacific (WP), obtained from 
Bayesian method implemented in MIGRATE-N program.  
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Figure 10. Estimated number of migrants (Nm) within different Oceanic regions obtained from 
Bayesian method implemented in MIGRATE-N program. Calculation was based on 95% credible 
interval of θ and M values. 
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Figure 11. Marginal distribution of the posterior probability of six demographic parameters estimated 
by the IM model 
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Figure S1_ Posterior density distribution of Bayesian analysis from MIGRATE-N for mutation 
rates (θ)   u ber 1-6 corresponds to Indian Ocean, West Pacific, Oceanic, East Pacific, East 
Atlantic and West Atlantic regions. 
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Figure S2_ Posterior density distribution of Bayesian analysis obtained from MIGRATE-N 
for migration rates (M) within Ipomoea. pes-caprae populations. 
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Tables 
Table 1_ Geographic location and sample size of I. pes-caprae populations used in this 
study
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Table 2_ List of primers used for sequencing of nuclear regions in population samples. 
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Table 3_ Summary of Polymorphisms within Regions and Neutrality Tests 
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Table 4_Maximum likelihood estimates (MLE), 95% confidence interval of θ and 
 migration rates (M) and number of migrants (Nm) obtained from MIGRATE-N 
0.05 MLE 0.95 Nm= Mθ/4
ϴpes-aprae 0.00225 0.00443 0.0064
ϴ In 0.0013 0.0023 0.0048
ϴ WP 0.00182 0.0031 0.0063
ϴ EP 0.0015 0.0030 0.0048
ϴ WA 0.00146 0.0023 0.0031
ϴ EA 0.00045 0.00153 0.0063
M pescaprae >brasiliensis 105 135.7 162 0.2592
M brasiliensis >pescaprae 125 180.8 470.61 0.56474
M In >WP 1009.5 1236.3 2309.2 2.7941
M WP > In 1863 2133.3 3903.7 6.2459
M WP > EP 909 1176.2 2007.2 1.5656
M  EP > WP 821 1119.8 1893.5 2.2911
M EP > WA 1182.5 1569.2 1904.83 2.2858
M  WA > EP 2283.8 2956.3 4989.7 3.8919
M WA > EA 2073.6 3002.2 3487.48 2.7028
M EA > WA 659 863.7 964.38 1.5189
M EA >In 636 817.8 1501.9 2.403
M  In > EA 4.9 153.5 426.33 0.5116  
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Table 5_MLEs and the 90% HPD Intervals of Demographic Parameters 
θ pescaprae θ brasiliensis θA m bra->pes m pes->bra t
L-mode
MLE 0.078 0.1525 3.587 0.001 0.001 0.02587
HPD90Lo 0.0375 0.0525 2.638 0 0 0.004375
HPD90Hi 0.2025 0.3725 4.898 0.327 0.275 0.07913
M-mode1
MLE 0.078 0.1525 3.595 0.001 0.001 0.02525
HPD90Lo 0.0375 0.0525 2.461 0 0 0.004375
HPD90Hi 0.2025 0.3725 5.268 0.329 0.277 0.07913
M-mode2
MLE 0.078 0.1525 3.595 0.001 0.001 0.02575
HPD90Lo 0.0375 0.0525 2.467 0 0 0.00425
HPD90Hi 0.2025 0.3725 5.239 0.327 0.275 0.07875
M-mode3
MLE 0.078 0.1525 3.587 0.001 0.001 0.02575
HPD90Lo 0.0375 0.0525 2.467 0 0 0.00425
HPD90Hi 0.2065 0.3745 5.247 0.327 0.275 0.07825
θ WP θ In θ A m WP->In m In-> WP t
L-mode
MLE 0.2775 0.2475 2.382 18.89 10.11 0.01588
HPD90Lo 0.0775 0.0725 1.603 7.05 5.53 0.002875
HPD90Hi 0.4125 0.4675 3.513 30.53 18.73 0.05187
M-mode1
MLE 0.2775 0.2475 2.382 18.89 10.11 0.01588
HPD90Lo 0.0775 0.0725 1.603 7.05 5.53 0.002875
HPD90Hi 0.4125 0.4675 3.513 30.53 18.73 0.05187
M-mode2
MLE 0.2775 0.2475 2.382 18.89 10.11 0.01588
HPD90Lo 0.0775 0.0725 1.603 7.05 5.53 0.002875
HPD90Hi 0.4125 0.4675 3.513 30.53 18.73 0.05187
M-mode3
MLE 0.2775 0.2475 2.755 18.89 10.11 0.03525
HPD90Lo 0.0775 0.0725 1.901 7.05 5.53 0.00975
HPD90Hi 0.4465 0.4615 3.958 30.53 18.73 0.08025
θ At θ In θA m At->In m In -> At t
L-mode
MLE 0.203 0.2175 2.748 11.071 4.365 0.037
HPD90Lo 0.0475 0.0675 1.908 5.303 2.303 0.009875
HPD90Hi 0.4275 0.4475 3.958 20.979 11.985 0.07938
M-mode1
MLE 0.203 0.2175 2.74 11.071 4.365 0.03675
HPD90Lo 0.0475 0.0675 1.901 5.303 2.303 0.00975
HPD90Hi 0.4275 0.4475 3.951 20.979 11.985 0.07975
M-mode2
MLE 0.203 0.2175 2.755 11.071 4.365 0.03425
HPD90Lo 0.0475 0.0675 1.908 5.303 2.303 0.00975
HPD90Hi 0.4275 0.4475 3.979 20.977 11.985 0.07925
M-mode3
MLE 0.203 0.2175 2.755 11.071 4.365 0.03525
HPD90Lo 0.0475 0.0675 1.901 5.303 2.303 0.00975
HPD90Hi 0.4465 0.4515 3.958 20.979 11.985 0.08025
θ WA θ EP θA m WA->EP m EP->WA t
L-mode
MLE 0.129 0.0875 3.99 11.05 1.55 0.136
HPD90Lo 0.0125 0.0125 1.3775 5.143 0.543 0.05
HPD90Hi 0.1975 0.1775 5.638 22.899 2.899 0.316
M-mode1
MLE 0.129 0.0875 3.99 11.05 1.55 0.136
HPD90Lo 0.0125 0.0125 1.3775 5.143 0.543 0.05
HPD90Hi 0.1975 0.1775 5.638 22.899 2.899 0.316
M-mode2
MLE 0.129 0.0875 3.99 11.05 1.55 0.136
HPD90Lo 0.0125 0.0125 1.3775 5.143 0.543 0.05
HPD90Hi 0.1975 0.1775 5.638 22.899 2.899 0.316
M-mode3
MLE 0.129 0.0875 3.99 11.05 1.55 0.136
HPD90Lo 0.0125 0.0125 1.3775 5.143 0.543 0.05
HPD90Hi 0.1975 0.1775 5.638 22.899 2.899 0.316
θ1, θ2 represent the effective diversity of the populations of each region, and θA   represent the effective diversity of ancestral population and m  represent the migration rates, respectively. 
The results of L-mode and three independent M-mode runs are shown. bea: brasiliensis, pes: pes-caprae, In: Indian Ocean, WP: West Pacific, At: Atlantic Ocean, EP: East Pacific, WA: West Atlantic  
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Table 6_ Scaled parameters for each pair of analyzed populations by IMa2 (mutaion rate= 
2.06 x 10 -6)  
Ne1 Ne2 NeA m1 m2 T (ca. Year)
pes-caprae (1) - brasiliensis (2) 933.01 1830.14 42906.69 0.000038 0.000076 12440.01
Indian Ocean (1) - West Pacific (2) 3289.47 2903.03 28492.82 2.5973 1.25 7177.03
West Pacific (1) - East Pacific (2) 2165.07 3352.87 31447.36 1.47 1.45 9569.3
EP (1) - WA (2) 1046.65 1543.06 47727.27 0.48 0.39 65071.77
Indian Ocean (1) - Atlantic Ocean (2) 2428.22 2607.65 32870.81 1.12 0.47 17703.3  
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Table 7_ Summary of immigration rate between populations  estimated by IMa and 
MIGRATE-n 
pes-caprae brasiliensis pes-caprae brasiliensis
pes-caprae - 0.000076 - 0.259
brasiliensis 0.000038 - 0.564 -
Indian Ocean West Pacific Indian Ocean West Pacific
Indian Ocean - 1.25 - 2.79
West Pacific 2.59 - 6.24 -
West Pacific East Pacific West Pacific East Pacific
West Pacific - 0.32 - 1.56
East Pacific 1.45 - 2.29 -
East Pacific West Atlantic East Pacific West Atlantic
East Pacific - 0.09 - 2.28
West Atlantic 0.48 - 3.89 -
Indian Ocean Atlantic Ocean Indian Ocean Atlantic Ocean
Indian Ocean - 0.47 - 0.51
Atlantic Ocean 1.12 - 2.4 -
IMa MIGRATE-n
IMa MIGRATE-n
IMa MIGRATE-n
IMa MIGRATE-n
IMa MIGRATE-n
 
 
 
 
 
 
 
 
 
 
 
83 
 
Table S1 
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Table S2 
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ABBREVIATIONS 
AEP  Atlantic East Pacific 
AFLP Amplified Fragment Length Polymorphism 
ALS Acetolactate synthase 
ANS Anthocyanidin Synthase 
bp  base pair 
Cam Calmodulin 
Chs  Chalcone synthase 
cpDNA chloroplast DNA 
CTAB  cetyltrimethyl ammonium bromide 
EA  East Atlantic 
EP  East Pacific 
ESS   Effective sample size 
EST  Expressed Sequence Tag 
FST  Fixation index (F-statistices) 
GBSSI  Granule-Bound Starch Synthase 
HPD  Highest Probability Density 
HSP90 Heat shock protein 90  
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IGS  Intergenic Spacer 
IM Isolation with Migration  
In Indian Ocean 
IWP  Indo West Pacific 
MCMC Markov Chain Monte Carlo 
MLE   Maximum likelihood estimates 
Mya  Million years ago 
nrDNA  nuclear ribosomal DNA 
PCR  Polymerase Chain Reaction 
PCR-SSCP PCR amplification with single-strand conformation polymorphism 
PCR-SSP PCR amplification with sequence specific primers 
PPSS  Pantropical Plants with Sea-drifted Seeds 
Subsp Subspecies 
Ssp  Subspecies 
TPI  Triose Phosphate Isomerase 
UF3GT UDP Glucose Flavonoid 3-Glucosyltransferase 
WA  West Atlantic 
WP  West pacific 
